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Abstract 
An automatic system to detect cracks of solar cells on satellite solar panel through camera has been proposed in this 
study. And a novel binarization method based on gray intensity wave transformation is also introduced to decrease 
the impact of non-uniform illumination on cell image. It adaptively classifies the pixel depending on local peak and 
trough on the gray intensity surface. After the cell image binareized, a strategy called “adjacency searching” is 
adopted to remove the gate lines. Then the ellipse fitting based on least squares is conducted on the contours of crack 
segments to get their angles, which are used to connect these segments into the whole crack. The experiment on 5000 
cells in one panel had shown that the precision of our system has reached 98.5%, and its false alarm rate is less than 
9%, which could meet the application requirements. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011] 
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1. Introduction 
The solar cell panels on the satellite wings are the unique power source for satellite, with thousands of 
solar cells regularly arranged on each of them. And the widths of these solar cells range from 30mm to 
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60mm and their heights range from 20mm to 40mm.The main structure of a cell is composed of a 
soleplate for photoelectric conversion and a glass cover as well. The soleplate contains dozens of vertical 
metal gate lines for conduction, as well as some circuitries surrounded, as shown in Fig.1a. 
A small rate of solar cells would damage in the procedure of production or fixing. The types of 
damage include crack, chip and smear, shown in Fig.1b. The current approach to the detection of cracks 
on cell surface still relies on visual observation. This conventional way has been proved efficient, but its 
large amount of labour easily makes the worker tired and thus lowers down the efficiency. Besides, the 
mental and physical conditions, and the experience of worker would inevitably affect the precision. A 
more efficient, objective and low-cost technology is therefore desired.  
A simple, feasible scheme is adopted after investigation, which is scanning all cells on the panel from 
the front in order and capturing their images for analysis. We have proposed a novel binarization 
algorithm to decrease the impact of non-uniform illumination on cell image, and have designed an 
“adjacent search” method to remove all gate lines. The ellipse fitting based on least squares is also 
utilized to get the angles of crack segments separated by gate lines. These segments are then connected 
into the whole crack as the recognition result. 
a.                b.
Fig.1 The (a)structure and (b) damage of solar cell.  
2. Gray-intensity wave transformation 
The distance between camera and the solar panel is about 70mm, which is too short to avoid the 
impact of non-uniform illumination on the cell image, which can been seen clearly in Fig.2a. The global 
binarization algorithms, such as Otsu’s method[1], Renyi entropy method[2], cannot yield satisfactory 
result. And the local methods based on neighborhood would easily produce misclassifications in the flat 
region [3], while the local methods based on sub-blocks often cause discontinuity among sub-blocks [4].  
Therefore, we have proposed a novel concept, namely gray-intensity wave transformation (GWT), and 
a binarization algorithm based on it as well. This idea is inspired by the observation of the gray-intensity 
plane in the form of three-dimensional terrain, shown in Fig.2b. Obviously, the peaks correspond to 
foreground, i.e. the gate lines, whereas the troughs correspond to background. And the peaks have shown 
a downward tendency from left to right, which is consistent with the change of illumination. It will be 
clearer when observing under the one-dimensional (1D) level and Fig.2c has shown a vertical section of 
Fig.2b, which is the intensity curve of one horizontal line in Fig.2a. It provides us a way to processing 
two-dimensional (2D) wave, i.e. decomposing it to several 1D waves. In order to weaken the impact of 
illumination, these 1D waves, shown in Fig.2d, will be normalized into interval [0, L-1], L = 256. This 
procedure of normalization is called 1D GWT for one line, as shown in Fig.2e. And the 1D GWT of all 
straight lines of the image in one direction is called 1D GWT for the image. The whole GWT for the 
image is actually composed of several 1D GWT in different directions. 
The 1D GWT needs to find all the peaks and troughs in the curve to locate the waves and then 
normalizes them. Therefore in order to filter small waves, a wave height threshold, denote 
by , , is required as the lower limit of wave height. In Fig.2d, the peaks and troughs have 
already been labelled with circles. The peaks are mapped to L-1, while the troughs are mapped to 0. And 
the pixels between them are repectively mapped according to their relative height from the nearby trough. 
α [0, 1]Lα ∈ −
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a.  b.  c.  d. e.  
Fig.2 (a) The cell image under non-uniform illumination. (b) The 2D gray-intensity waves of (a). (c) The 1D waves for a horizontal
line. (d) The intensity curve with its peaks and troughs labelled. (e) The normalized curve. 
Similar to wavelet transformation, our transformation directions are generally set to 4 ones with angles 
equal to 0, /4, /2, 3 /4, corresponding to horizontal, vertical, left and right diagonal directions. π π π
The 1D GWT’s on image f in n directions yield n transformed values w1,w2,…,wn for one pixel P.
They would compose a n-dimensional vector WP={w1,w2,…,wn}. Substituting the intensity of every pixel 
with its vector, a matrix F will be formed. We chose the principle component analysis (PCA) algorithm 
[5] to compress F with n-dimensional vector {w1,w2,…,wn} into F' with one-dimensional vector {w’},
which is presented as an image with the weakened non-uniform illumination. Finally, a classic 
thresholding algorithm, such as Otsu method, could be utilized to binarize the transformed image F ′ and
yield a result as in the case of approximate uniform ullumination. Fig.3a and Fig.3b has shown the 
binarized result of Fig.2a using Otsu method and Sauvola’s method. Fig.3c is the transformed image of 
Fig.2a with = 50 and Fig.3d depicts its corresponding binarized result by Otsu method. The visual 
quality of our algorithm has efficiently weakened the influence of non-uniform illumination and has 
yielded less noise. 
α
a   b.   c   d.  
Fig.3  Binarized result of Fig.2a using (a) Otsu method, and (b) Sauvola’s method. (c) The transformed image of Fig.2a with = 50 
and (d) its binarized result using Otsu method. 
α
3. The removal of gate lines 
Before searching for the gate lines, the binarization of cell image is performed as the pre-process, 
where the GWT algorithm is applied. A part of binarized image is shown in Fig.4b, in which the gate 
lines are not as smooth and straight as expectation. Actually, the gate line is not absolutely vertical but 
with a small dip angle not larger than 5 degree, and the width of a gate line may vary randomly and 
slightly. The “adjacent search” scheme is therefore proposed, which is detailed as follow:  
a.  b.  c.  d.  e.
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α
Fig.4 (a) Raw image. (b) Binarized result of (a). (c) The removal of gate lines. (d) Searching for the lines and filling. (e) Searching 
for seeds of next gate line. (f) Filling gate lines iteratively. 
Step 1: Extract all horizontal line segments in each row of binarized image. The gap width between 
gate lines, denoted by AvgGap, is relative invariant. Thus, it occurs with the most frequency in the 
statistic of gap width between adjacent line segments and so that can be evaluated easily. 
Step 2: The first gate line is found as the initial condition for search iteration. Due to the complexity 
near the horizontal boundaries, we locate the first gate line in the middle region of image. The initial work 
is finding the “seed” line segments of the first gate line. The criterion are 1) the width is appropriate; 2) 
the line segment center is close enough;3) the gap after it is equal to AvgGap. 
Step 3: Based on the seeds got in last step, the rest part of the gate line is filled through iteratively 
searching for the line segment at the adjacent row of the last segment found. If a line segment at the 
adjacent row is found having enough intersection with the last one, it will be put into the line array. The 
search continues until reaches the next seed, as depicted in Fig.4d. The search will not end until all seeds 
have been processed. Then all lines found will be filled with black. 
Step 4: Extend the search from first gate line toward left and right, to find adjacent gate line. Taking 
left as an example, we subtract AvgGap from each segment in first gate line, and find at the same row 
whether a line segment appears near this position, which will be a seed of the next gate line. When all 
seeds have been obtained, the same procedure as Step 3 is conducted. Fig.4e depicts this procedure. 
Step 5: The Step 4 is continued until the seeds found for next line are too few, which means the 
boundaries have been reached, Fig.4f. All gate lines can be removed after this search in both directions. 
When the removal of gate lines is completed, the binarization is conducted again to expose the cracks 
through the GWT algorithm, as shown in Fig.5b. And the value of should be rather smaller, such as 10. 
a.     b.     c.     d.     e.       f.      g.  
Fig.5 (a) The cell image without gate lines. (b) The binarized result of (a) with =10. (c) The noise filtering. (d) The ellipse fitting 
of crack segment. (e) The initial 1D crack segment list. (f) The 2D list from segments connection. (g) The result crack.  
α
The contour detection is then performed to seek the crack segments and filter out the noises with area 
smaller than 5 pixels, as shown in Fig.5c. If the area of a contour is found too large, for example, more 
than 300 pixels, it is considered to be a “smear” and recorded. Then the ellipse fitting based on least 
squares is applied on each contour. If an ellipse is long and narrow enough, as shown in Fig.5d, it means 
this contour is close to linear and will be added into the crack segment list as a new node, Fig.5e. 
The entire crack is got from the connection of all crack segments separated by the gate lines. For one 
node in the list in Fig.5e, we extend it to be a sub-list represented a whole crack. Take extending toward 
right as an example. If the angle difference, the cable length and the cable angle between the sub-list tail 
and another node from its right side all meet the criteria, the right node is added into the sub-list as a new 
tail. This recursive procedure continues until no suitable node is found. The extending toward left is 
similar except from the head node. The final two-dimensional list is demonstrated in Fig.5f. Eventually, if 
the length of one sub-list is long enough, it is considered to be a crack and outputted, as shown in Fig.5g. 
4. Experiments 
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The platform for experiment is described as follows: Intel Core E9300 CPU, 2G DDR2 memory, 
Windows XP SP3, and Microsoft Visual Studio 2008 development environment with Release mode. 
5000 solar cells on a solar panel are used as the objects for statistic test, and the resolution of these 
images is1600×1050. Fig.6 has shown some results of crack detection using our method.  
In the statistical tests, the true positive rate (TPR), and the false positive rate (FPR) is defined as: 
TPR = TDd / TDm×100%,       FPR=(Dd – TDm) / N×100%,                                (2)
where TDd, TDm, Dd, N denote the number of true damaged cells detected by our method, the number of 
true damaged cells from manual observation, the total number of damaged cells that our method output, 
and the total number of all cells. The statistical results of the 5000 solar cells are shown in Table 1. 
Table 1. The statistical result of the test for 5000 cells 
N TDm Dd TDd TPR FPR Average time 
5000 225 648 222 98.49% 8.93% 1185 ms 
From Table 1, it can be known that the TPR of the system reaches more than 98%, which could meet 
the application requirements. However, a higher detection rate is the prior consideration when setting the 
detection parameters, which inevitably leads to an increased false detection rate. But through the manual 
observation of the false detection images, the false alarms can be filtered quickly. 
            
Fig.6. The results of crack detection. The cracks have been labelled by green curve. 
5. Conclusion 
In this study, a novel concept of gray-intensity wave transformation is introduced to resolve the 
problem of non-uniform illumination in the gray image binarization. And a crack detection scheme for 
satellite solar cell image is also proposed based on it. The experiments have shown that the TPR of our 
method reaches 98.5%, while the FPR has been limited in 9%. And the CPU time it spent is less than 1.5 
second for each cell. In the future, a simple machine learning algorithm could be considered to be added, 
in order to reduce the false alarm rate without affecting the detection speed. 
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